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Atratract-Tlris  pa~r  describes the TOPEX/POSEIDON  mission, a joint project between the United
States and France with particular emphasis on measurement capabilities and performmx. The satellite
has provided unpreedcnted  measurements of gfobal sea level since it was launched on 10 August 1992
from Kourou,  French (3uiana with an Arianespacc  42P launch vehicle. TOPEX/PGSEIDON is comprised . .
of two microwave radar altimeters, a microwave radiometer, and three precision tracking systems whMs’ly4
cmmbine  to produce an overall global sea kvel measurement of less than 5 cm. Tire accuracy of the

Q

measurement is attributed to e design and implementation or the sateflitc and its instrument
complement, the pr-ezision  or 1$$ termination and tracking systems, the ground processing system, and
the verification and calibration

@

stem. e satellite and measurement systems will be discussed, with an
emphasis on the sensors, praision  or t termination proms, and the verification proms. In addition,
current results provided by TOPEX/P  EIDON science investigators will be summarized.

1. BACKGROUND

The TOPEX~OSEIDON  mission, a joint French/
U.S. collaborative effort, is obtaining space-borne
measurements of the ocean circulation with radar
altimetry and with sufficient accuracy, precision, and
repeatability to provide a data set that will allow a
new understanding of the world’s ocean circulation.

The first satellite alti , eter specifically designed for
restablishing the~proof  of~onccpiof such measure-

ments from spa& was flown on “&e Seasat in 1978.
Due to the results of Scaaat and other subsequent
altimctric missions in the 1980s, the United States
and France started establishing plans for a spccifrc
mission tailored to optimize the study of ocean
circulation. Initially, the %lencz Working Teams
(SWT) and project engineering team~”in the two
c4mrntric..#’  were proceeding indepcndcntl y—the
proposed U.S. mission being called the ocean
Topo by Experiment (TOPEX) and ‘. ench

‘? c1 c1
iss” p,~ as called’ POSEII)ON.  By 1 8j;\a joint

s ud y s initiated between the Um tates’
National Acronautica and Space Administration
(NASA) and France’s C%ntre  National d’Etudes
Spatiales (CNES) reasoning that a joint mission had
the greatest probability y of approval and success. This
combined effort between France and the United
States was called TOPEX/POSEIDON. From 1983
until the TOPEX/POSEIDON  mission was approved
by both NASA and CNES in fiscal year 1987, the
.—— —. —
● Paper lAF-94-B-6-  I I 3 presented at the 4Jh Corrgres$ OJ

the Intemationol  Astronautical Feo2votion,  Jerusalem,
Israel, 9-14 October, 1994.

science teams (which were eventually combhred into
one Joint Science Team) established science require-
ments and outlined science plans that would be
established for conducting experiments. The aciencz
and engineering teams then established the technical
definition of the mission, which included the sensor or
instrument complement, satellite definition, orbit
definition, launch vehicle requirements, and associ-
ated ground systems support, including the mission
design and mission operations p ns. As a result of

o ____

Y’
the Scasat altimctric pcrfornra “t as clear that
any Scasat-like  mission wo ? cquire p_rcciae @ - K
knowledge of the satellite orbit in spacz~nd,  as pafi_ -_ .-c ~~
of that, knowledge of the gravity fiel~wa4<%
during these years prior to launch, a strong eflort to
improve the gravity field knowledge was undertaken
primarily at Goddard Space Flight Cknter (GSFC)
and the University of Texas at Austin, under the
sponsorship of the TOPEX/POSEIDON  project,
Today’s results, which include a aca-level measure-
ment of less than S cm, can be attributed, to a
significant degree, to this pre-!aunch  focus on
improving the gravity field knowledge.

The collaborative mission has both NASA and
CNES sponsoring a joint !Werrce Working Team
having selected complementary science investi-
gations. NASA and CNES have conducted a joint
verification effort, which took place within 7 months
after launch. Both NASA and CNES pcrforrn  pre-
cision orbit dctcrrnination  and procma data from
their respective payloads of the satellite. All data
have been exchanged and complete data sets, which
contain all data derived from NASA and CNES
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instruments, are provided to all science investigators.
CNES provided a dedicated Ariane 42P, which
launched the TOPEX/PO  I )ON satellite into its
orbit. CNES also provi

82

7 set of POSEIDON
instrumentation, namely, e solid-state altimeter
(sSALT) and the Dopper Orbitography  and
Radiopositioning Integrated by Satellite (DORIS)
tracking system. NASA has provided the satellite bus
and TOPEX instrumentation, which includes a two-
frequency radar altimeter, microwave radiometer,
laser retrorefiector  assembly, rmd experimental GPS
receiver. NASA provides the tracking data relay
system services to support command, control, and
data acquisition and conducts the mission operations.

Z MtSSION OVERVIEW

On August 10, 1992, the United States and France
launched their joint TOPEX/POSEIDON  satellite
from Kourou,  French Guiana, on an Ariane 42P
launch vehicle. Since then, the satellite has been
measuring, with unpreccdcntrxl  accuracy, the height
of the sea surfacz  relative to the Earth’s center of
mass on a global basis every 10 days. The satellite
was designed for a minimum lifetime of 3 years, with
the possibility of going to 5 years. Due to the success
of the mission, NASA is planning to fund the oper-
ation of the satellite for a total of 6 years. This is the
first satellite altimetry mission specifically designed
and conducted for the study of ocean circulation.
TOPEX/POSEIDON  uses a radar altimeter system to
measure the height of the sea surface, which allows
the mapping of the topography of the oceans. ‘Ibis
mapping in turn is used for the study of the world’s
oceans. Additionally these mcasuremen~ are used for
the study of the oceans’ tides, as well as marine
geodesy and geophysics.

ls~
After launch on August 10, 1 ~ satellite went

through a series of maneuver adJ t Ients to Plaw it
into its operational orbit. These six maneuvers placed
the satellite into A$+peca~

. .
a

circulation orbit at an altitude of 1334 km, an incli-
nation of 66°, and a repat period of 10 days.

The inclination and repeat period of the orbit
determine how the ocean is sampled by the satellite.
A major con~rn  is aliasing the tidal signals into
frcqtrcncics of ocean-etrrrent variabilities. Incli-
nations that lead to undesirable aliascd tidal frcqucn-
tics-such as zero, annual, and wmi-annual-are  to
be avoided, In order to determine the ocean tidal
signals from the altimetry measurement and sub
scquently  remove thcm for the study of ocean circu-
lation, inclinations that make ditTerent tidal
constituents aliascd to the same frequency should
also be avoided. To satisfy these constraints and yet
cover most of the world’s oceans, an inclination of
66° was selected.

For a single satellite mission, temporal resolution
and spatial resolution are in competition: the higher
the temporal resolution, the Iowcr  the spatial

resolution, and vice versa. A repeat period of 10 days
(9.916 days to be exact) was selected; it resulted in an
equatorial cross-track separation of 315 km.

To maximize the accuracy of orbit determination,
a high orbit altitude is preferred because of reduced
atmospheric drag and gravity forces acting on the
satellite.

To satisfy this requirement, an altitude of 1334 km
was selected. Sirm then, great care has bccrr taken by
the mission operations personnel at the Jet Propul-
sion Laboratory (JPL) to maintain an orbh wh]ch,  in
10 days, provides comp[cte  mn f$obal Coverage

c1

and has repeat tracks h + I km. After insertion
into the operational rb. .~ Inmnanwmaneuvemam
required to maintain ~ :1 km ground track every
10 days. Six maintenance maneuvers have been per-
formed during the first 2 years. The average time
between these maneuvers was 117 days. The pre-
launch requirement was 30 days ma . m, to mini-

E
mire perturbations to the precise or i ~ termination
process. This performance by fiigh ration, par-
ticularly the navigation team, is another example of
opcrationtd sensitivity to the overall measurements
required of TOPIIX/POSEIDON  and another posi-
tive contributing factor to the success of
TOPEX/POSEIDON during these first 2 years. After
a successful verification process, concluding in Febru-
ary 1993, the mission has been providing global
sea-level measurements with less than 5 cm (rms) of
error since May 1993.

3. SENSORS

One of the key factors contributing to the success
of the mission was the original mission design, which
provided for an instrumentation set that minimim
the errors in the altimetric measurements and all the
collaborating measurements. There are six science
instruments in the mission payload, four provided by
NASA and two by CNES.  These instruments are
divided into operational and experimental sensors as
follows:

(1) Operational sensors
(a) Ihra]-Frecluency  Radar Altimeter (ALT)

(NASA)
(b) 10PEX  Microwave Radiometer (TMR)

(NASA)
(c) 1 aser Retroreflector  Array (LRA) (NASA)
(d) J)oppler Orbitography  and RadioPositioning

“lnt r te~ by Satellite (DORIS) tracking

~1’o
)+s ~ iver  (CNES)

(2) pcrim al sensors
(a) Single-Frequency Solid-State Radar Altimeter

(SSALT) (CNES)
~) Global  ]’ositiooing  System Demonstration

Receiver (GPSDR)  (NASA)
~,,;w\@fi-@ ~Y

The  NASA altimeter~opcrates  at 13.6 GHz (Ku- \
band) and 5.3 GHz (C-band) Simuitarmousl/ and is

9
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the prime instrument for the mission. The measure- precise location of the satellite in space, three instru-
ments made by this instrument at the two frequencies ments  are carried on TOPEX/POSEIDON  to con-
not only provide precise altimeter height  mu~;~r~L tribute to that objective. Two are operational

K ments over the oceans, but rdso “ instruments and o+e is an experimental instrument.
k >-% the first order of errors eau

[J

The NASA eeisibn ~rbit  determination is derived
free electrons. The ALT also allows a total electron from the ~whlc interfaces with the satellite
content to be a by-product of the mission. The Iascr-rangi  statio on the ground. The retroreflcc-
SSALT operates on a single frequency of 13.65 GIIZ tor cube corneis are mounted in trays around the
and is a solid-state low-power altimeter, which is the exterior of the altimeter antenna. This array provides
model for future altimeters for Earth observations,

Ktix
f;

a bright retrorefledor,  which provides a strong signal
Both the NASA d&wt&and  t&ClW3$  ahime ~ ,returl~ to the ground-based laser receivers. The data
share a 1.S-mdiameter  antema.  Only one altimet from the satellite laser net k then provides an
is operated at any given time. This was facilitated

@
input to the precision or it-d ermination  process.

by having a predetermined altimeter sharing plan The prime source of the ESdenved  precision
agreed to by both CNES and NASA prior to launch. orbit determination is provided by the French
Another key sensor that contributes significantly DORIS tracking system. The DORIS system
to the precise measurement of the sea level is the had been previously demonstrated successfully by
microwave radiometer. This instrument uses the rice< SPOT-2 mission. DORIS is qmyosed  of an.  .

7 J F@’~-” -”-”- C

~h6 ;Lrd..,

measurement of sea-surface micro ‘tie ‘-b “ghtness ard receiver- ~rid a met~ork ‘of 40-S0  ground
K

~(~ I Uord
temperature at three frequencies (18 2~nd  7 GHz) tran$mlttmg stations, which provide all-weather _ _ ~..
to correct for the total water-vap&@t&st  in the

I

global tracking of the satellite. The signals are trans- 1
atmosphere along the beam of the altimeter. This itted on two frequent” s to allow removal of the
provides a path-length delay correction in the 6effects of the ionosphe O- ce ‘electrons and tracking ~

i

x

altimeter measurement that is due to water vapor. data, Therefore the total content of the~ree Im 400 p
13asically,  the altimetric  measurement is provided by electrons can be estimated from the DORIS data and
NASA’s ALT and CNES’  SSALT, used for the ionosphere correction of the SSALT. A

A key parameter in determining the sea kvel from third instrument that provides a data source for
space is the precise knowledge of where the satellite precision orbit determination is the Global
is located in spacz. This, called precision orbit deter- Positioning System (GPS)  Demonstration Receiver.
mimtion (POD), is the measure of the satellitt=’s This experimental system has demonstrated that
orbital distance from the Earth. When this is con~- highly accurate orbits can be derived from e use of
bined with the radar altimeter measurement, the &the GPS system. The GPS precision or it-d ermi- X
difference is the sea level, which is the primary nation syst rni:a global differential GPS system that
measurement of the mission. In order to know the $’uses the~n oa# r~iver and a global GPS tracking---
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Fig. 2. Calibration methodology.

of two elements, the Mtaltimission Modular Space-
craft (MMS) and the Instrument Module (IM).

The hfMS is a flight-proven NASA satellite bus,
which has a triangular cross-section, composed of
three subsystem modules-the Modular Attitude
Control System, the Modular Power System, and the
Command and Data Handling System arrayed on a
t.riangula r structure, with a propulsion module on the
end of the structure, 12ich subsystem module is
housed in a rectangular box about 1 m on a side and
0.5 m deep. A propulsion module is attached to the
end of the MMS bus, with an additional tank tucked
inside the triangular structure. Other elements of
the MMS include the pyrotechnic functions for
mechanical deployments, etc., and the ESAM, which
contains the Earth Sensor Assemblies (ESAS).

The mission-unique elements of the satellite are in
the IM. “l’he sensor electronics are mounted within
the module, as are the solar array dn e ssembly and

@
0the control electronics for the Hig ~ in Antenna 2

(HGA) two-axis articulation. Mounte externally ary:-:>
the solar array, the HG.&nd the low-gain antennas

‘ (Omnis)  fc,r tclecmmmumcations,  and the Frequency
Reference Unit (FRU).  The FRU is an ultrastable

. oscillator, which supplies a 5-MIIz signal to the ALT
and other derived frequencies to other subsystems. A
srmxial  intcrfacc unit (IM1 U) is included to connect.

network with 14 stations. To date, the combination these mission-unique designs to the standard MMS
of the instrument set of the ALT, SSALT, TMR, data syste[n.  The solar array is composed of four
LRA, DORIS, and the GPSDR have

<$

ported both 3 x 2 m panels, and provides 2260 W of power after
the radar altimetry and precision or ]t-$ errnination S years in orbit. It articu]atcs about the – Y axis. The
measurements to provide $ unprece ented measure-

$/’

lIGA and the GPS receiver antenna are mounted on
menl of global sea level b’ less than 5 cm of un~r- masts in order to avoid RF interference with the
tainty. Thk is an extreme improvement % the articulating solar array.
measurement of sea Icvcl available to occanograp cr

ufor deriving _~n circulation and is significantly g ‘c<A//i~ude cor,(rol
<ban the pr~ ‘

>-l \ 77 J?
unch requirement of ]3.3 cm. ‘‘

(f:$!!!y ‘s’’’’’msys’m {4Q  t,
A major contributor to the measurements A@i

~ TOPEX/POSEIDON  has been making is the satelli~e.
The selection and design of the TOPEX/POSEIDON
satellite and instrument set, which operates at an
altitude of 1334 km, required instrumentation that
would survive and perform in a radiation environ-
ment that is significantly above what most Earth-
orb]ting satellites endure. The satellite design also
provides a high degree of scnsitivit  y to the require-

(b
ments of the Precision Orb.  - termination Team.
This requires a high degree of knowledge of the
thermal condition of the satellite and knowledge of
the inclination of the solar panel with respect to the
Sun. This satellite design and implementation was
highly sensitive to providing a platform for the total
measurement required for TOPEX/POSEIDON.

,/’l\\ Satellite  fMfllgLiration

/“ (’Jj \. The satellite is shown in Fig. 1, The satellite mass

,/’ y M about 2400 kg. It is about 5.8 m long, and consists

The Satcl]ite  attitude is defined by a odcl of tfic.
orbit (the ephemeris) carrkxl  in th ‘6&~tin:~::puter (OBC). Once it is established b
references, the attitude is maintained by the inertial
rcferencz unit. The errors* slowlytmlki  TSp in
this reference are removed by periodic eas r me ts

@

o
@ ~R&

n and star positions, from th @ ita $ es h
~ ‘or, and the Advanced Star Trac ers (A
esmectively. Since the “perfect” attitude is in the

~- ,-..
‘ \

J$@lL79

.
model in the satellite, it was straightforward to

Tabk 1. Preliminary a-men [ of measurement acru -
racic.r  (1 sigma w Iws in cm)—— -—

A1.T Requirement— —  _ _ _ _ _ _ _
Altimeter range]

At[imetc) nois 1.7 2.0
EM biaS 2,0 2.0
Skcwmss I .2 1.0
Jonosphcre 0.s 2.2
DrY tronosDhcrc 0.7 07-..
Wit tro;h;spbcrc 1.? 1.2_- c .’, L.-

Tobl  ahin~ter  range 3.2 4,0
Radial ortiI height 3,s 12.8-
Single.pass sca  Wlght 4.7

<. --
13.4—-— ——_ ..  ___

‘ Based on 1 -s data r~tc and significant wave height
(SWH) -2 m,



ST—MS 071
\ *

4

\
-j L.-d >

x

+)TOPEX/TOSEIDON:  aoxratc global ~ cl m~sumnenta
x

5

Tabk 2. I?.rror budget  for TOPEX/POSEIDION  orbit (Radial Orbit
Neircht)

Mission Current
apeeificatiorr eslinra!c

Error aorsrue (c) (Snr).—
Gravity 10.0
Radiation premrsm!

2.i—
6.0 2.0

Atmosphere drag 3.0 I .0
GM (Earth’s gravitational

Cdticisnt) 2.0 1.0
P! ● nd ocxxm  tides 3.0 1.0
Tropo@sere
Station Ioeatiorr

<1.0
;:: [.0

SSS abaotute  error 12.8 3.5
‘ !$cdar, Earth ● nd Ihernsal  radiation.

—

include the geoid (the difference between the geo-
metric and geodetic Ear[h) in the model. Attitude
errors are removed by exciting the proper electromag-
netic torquer and thus creating a torque using the
Earth’s magnetic field to correet  the error. The
+$hard parameters must be updated once a w~k.

)

T’OPEX/POSEIDON  c a r r i e s  Earth Sensor
Assemblies, which are used early to establish the
opational  attitude control mode and whenever
emcrgertcies  might require them. In initial operations
in fligh~ it was determined that the satellite was not
pointing perfeetly, as observed in altimeter and Earth
sensor data. Since all of the attitude sensor data
are referenced to the OBC ephemeris, the software
contains parameters that set the biases for each
sensor. By using the model estimates, and adjusting
the biases analytically, a “best” set of parameters can
be ealimated to minimize the pointing error, including
the altimeter-sensed error. This was suecaaftdly  done
in the initial verification operational period, as is
explained later.

Electrical power

In order to provide adequate electrical power to the
as tellite subsystems, the satellite was designed to
maintain the solar array normal to the Sun. The

---
Fig. 3.Ml@itY_5&&EW_i@n .

~4

——.--—- ,,Kf. ,.
dies. Adie.s are. swirls of water current that are spun K

off from a roam current or that am~–w~dj  w lr pools are onc type of eddy. Oecan eddies may
‘persist for weeks or months, have diamc[ers of tens to hundreds of kilometers, and extend to great dcplhs
in the crcwms.  These currents play an important role in oecan circulation by transporting an enormous
amount of heat--as well as salt, nutrien and other chemieal msbstanecs-in  USC cscans. For example,

?(Wl Q& ->~. eddies early warm water from the equator o the poles. Eddi.s may be thought of as oceanic “weather”

[a&
-i ~ - --- “ and thus play a critical role in Earth’s climate and biogeoehemical  systems.

is image, created from TOPEX)PGSEIDON  data, shows the Ioeations  of eddies and the average
-1 -surface height changes they caused in Earth’s oceans over one full year, from September 1992 to

~ i-+~~:x~> &~tember 1993. The sea k below the image indicates the sizt of typical changes in the height of the sea
‘-’k” ”-- - - “-

(:: M,
~

surface in different regions.
c greatest changes in sea-surface height, over 2S em (indicated by white), correspond to the most rapidly

r tating eddiea. These occur mainly in regions where strong ocean currents are IOeatex+-including the Gulf
stream off the east coast of the United States, Kuroshio  off the coast  of Japan, the Loop Current in the
Gulf of Mexieo, the East Australian Currmt, the Agulhas Current south of South Africa, the convergence
of the Brazil Current and the Falkland Current off the central east coast of Wsth  America, and the
Mozambique Current between Madagascar and Africa. A chain c,f aceonda~y highs c-an be seen north off k.+)- \< Antarctica, along the path of the Antarctic Ctrcumpnlar  Current.
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[’ig. 4; ’!ka-surfaec height (cm). Ocean %ason% These four maps arc based on observations of  sca Icvcl
made by the F~rth-orbiting  TOf’EXjPOSEIDON  satellite, during the four seasons from septembcr 1992
\ ~$rough  August 1993. Each map represents a seasonal variation of sca Icvcl from its annual average.

, I ~ 1 8( temperate latitudes (10 50 degrees north and south), tl,e seasonal sea-level change is dominated by
thi heating and cooling of Ihc uppa  layer of the oceans. ‘fhc highest sea lCVC1  is observed in fall when,
the temperature of the upper wan layer is highest after the solar heating of summer. The lowest sea level
is found during the spring off the cast eoas( of the eontincrr[s  in the h’orlhcrn  }Icmisphcre,  where the cold
wntincntal winds, blowing from continent to -an durirw the winter. rcmo~’c an cnoml~us an~ount  of

,,, .,’. ,~, oceanic heat. The average seasonal xa-level change is about twice as large in the Norlherrr  Hemisphere
.;4.” as in the Southern I{emisphcrc. This is partly the rcmlt of the larger oceanic areas in the Southern\ . ., -- 1 Hemisphere, which moderate seasonal changes

,4 fln’the tropics., the sea level is primarily controlled by wind. The zonal bdnds of high and low sea Ievcls,>1
,’ “adross the Pacific and A[lantic Oceans correspond to the seasonal variations of the equatorial counter-cur-

rent sys(cms in responx 10 the seasonal cycle of the equatorial trade winds. These castwind-tlowing
currents reach their maximum strengths during November and minimum during May. The sea-level
change in the Indian Oozin is the most seasonal among thf three oceans. AS a result of seasonal monsoon

~ ~ winds, at~fi[s%~high a= low w~;vels  ~~,irror+rnageftin” be seen 6 months apart. <
1:~~: F[fiew firs global views of the oceans ‘ ‘{four ~~sons” are possible because TOPEX/POSEIDON  is

fkasuring  global sea-level variability with an unprecedented aczuracy. After several years of observations,
oceanographers will, create a very precise description of the seasonal and year-to-year changes in the

( ~<world~i~urfam” circulation, Incorporating these dat? into global ocean models will Icad to a much,\ ,,, ,,1’)>J’ “[ ‘
,.. .[ ,

A
h

i’ better understanding of the oceans’ role in climale change.

t’ ~l,.y ,v;{.\(- {“6,

,,,,,
J!,,, .

method selected for accomplishing this in a non-Sun-
synchronous orbit is to rotate the solar arrays i~t one
axis, and rotate (yaw) the saiellite as the other degrez
of frcdom.  The satellite’s attitude control conczpt is
well sui(ed to this, as the location of the Sun is well
known in the satellite orbit model. The precise array
(pitch) angle is controlled by the Solar Array Drive
Assembly (SADA), which employs a digital counter
to maintain the proper angle within 10.

The electrical power for the satellite on the night-
sidc of the Iiartb (occultation) is supplied by three
NASA $’tandard kckcl-~adrniun,  batteries, ~hich
are recharged during the Sun-lit portion of the orbit.
Recast NASA projects with M MS+ased  power sys-
tems have experienced problcrns  i~:flight with these
battcrim,  such that a special “TIC” mana~,cmcnt

strdtegy was adopted from launch on TOPEX/
p{) SEIDON. Specific cc,ntrol  of the c}larging profile
in the charge controller and off-setting the array pitch
angle to the Sun by about 50° are used to maintain
the peak charge current at less than 20A, and the
ratio of energy-in to energy-out to 10.5 + So/o. These
measure~~nd  the fact thatJor3QPEX~N,  “
tbc powcr$subsystcm structure was designed with heat
pipes to maintain uniform battery temperatur~)have
p] ovidcd an environment in which the batteries Lavc
behaved very well for the nearly 2 years of operation
to date.

( ‘ormnand  and data hnndling

The satellite sensors acquire data continuously at a
tatc  of 16 kb/s (including cnginccring  and status
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telemetry). These data are recorded ,onjboard  and
replayed through the NASA Trackirig  and I)ata
Relay Satellites (TDRSS) three times each day.

To provide data to the ground in all of the planned
modes of ground system operations, the satellite
acquires both the sensor data and the engineering and
status data from the support subsystems in two
formatted data streams. The basic engineering data
arc provided in a I kb/s data stream. This stream can
bc provided to the ground as a separate channel, and
also is embedded in the various 16 kb/s data streams
available. The satellite has three NASA Standard
Tape Recorders on which all acquired data arc
recorded for later playback to the ground. The

strategy for doing this is ,6 function of the ground
data acquisition ser,vic# bqing used, as will be
discussed later. ;/ /

Satellite commaqti[  g~ ~ ~ amonlplished w i t h
real-time ground ~]~ ~an . cx utcd immediately on

?the satellite, or b‘ jgK.@ard>tored commands con-
tained in the

4
%board, computer. Most planned

scqucrscc tasks arc accomplished with the storedI
Scquenw, ~ ~

l’h@or@oa~d  ‘ecmlputer  also contains monitoring
programs, “which will detect out-of-tolerance con-
ditions in attitude control, thermal, power, and
opciational  state functions, and will provide safing
actions based on the problem detected.

Fig. S. @xan dynamic topography <CISJ),  The ocean’s Dynamic Topgraphy.  Tlrc seas of Ilir[h are in
constant molion. brge systems of highs and lows (similar to hills and valleys) develop in the oceans’
surface as a result of wa currents. Thcw highs and lows arc pcrrnancnt  fcatrsrcs  of ocean circulation; Ihcir
existence and basic structure do not change, but the details of these systems arc constantly changing.
Mlentists have devi.wd a way to measure these changes in height by defining the oceans’ dynamic
(changing) topography as a measure of sea lCVCI relative to the Earth’s geoid,  a surface on which Earth’s
gravity field is uniform. Using the Earth-orbiting TOPEX/POSEIDON satellite, oceanographers can for
the first time map ocean topography with enough  accuracy t{, study the Iargc-acalc  current syslcrns of the
world’s oceans, From these crctan topography maps, Oceanog!  aphers can calculate the speed and direction

,., .,- ,, Of ocean currcnls in the same way tha[ rnclcoro]ogists me maps of atmospheric prcswrrc to calculate the
speed and direction of winds,

-1 ~}his map of ocean dynamic topography was produced using data obtained by the TOPEX/POSEIDON
radar altimeters during the period September ] 992 to Sel,ternbcr 1993 the satellite’s first year of
operation, The total relief (from high to low) shown in this image is about 2 m. The roaximun]  sea elevation
is located in the w,estern Pacific Ocean northeast of the Philippines, and the niinimum  sea elevation is
around Antarctica. In this image, ocean currents are represented by white arrows. I’he longer the arrow,

.’. the greater the speed of the current. Speeds greater than 10 cm/s are rcprcsenlwt  by thick arrows. Only
average speeds of large currents are shown.

,,’~ : ~; the Northern Hemisphere, ocean curlcnts ftow clockwise around the highs of ocean topography and
counterclockwise around the lows, This process is Ieversed  in t}!e Southern } IemisI,h$re.  The orxans’  major
current systcns-arch as Kuroshio  (south and east of Jal)an), the Gulf Strcxry~ and the Antarctic

)/
Clrcurnpo]ar  C u r r e n t — a r e  c l e a r l y  vi,ible  in the i m a g e

I
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I Telecommunica\iom

The  normal data acquisition serviee utilized is the
NASA TDRS Systcm (TDRSS).  This requires com-
municating  through a geosynchronous relay satellite.

~~.. ~me HGA is required to provide sufficient link gain
to=~=Y the~6kbz-fir~  and the 512 kb~s
playback stream in the normal operations secnario.
This antenna must be pointed at the TDRS in use.

w.

%w OBC orbit models know~where, in the satellite
coordinate frame, the TDR&  am, ~d ~ the OBC
commands the pointing of the antenna.

—.—

1.Orbit acquisition and markterrance/-–
. 1. A.AA ——. .-=. —-- –--;:. -- —--. ——. . ,

been observed on t}le  satellite. This “anomalous
force” also was tnodelled, in this ease after launch, to
aosount  for its e~eet on precision orbi@determination
and also on the predicted time for orbit maintenan~
maneuvers.

The satellite was very carefully dcsignd  to mini-
mize the impact of the radiation environment. The
solar array was oversized sutlicicntly  to account for
the degradation due to solar and trapped radiation,
with a safety factor of 2. Thus, the array puts out
excess power early in the mission and this allows the
array pitch-angle offset. “f’he MMS was analyzed for
parts susceptibility. Methods such as ray tracing were
used to calculate the specific radiation levels exmted

pc.wivi 9{- 6 L’@J p’k’u?.4wt
W,,., u.” ~.- ---- _. _.. . -.

to assure that the net thrust vector is through the
center of mass, The tanks carried 217 kg at launch,
and currently have enough remaining to provide for
many years of orbit maintenanm.  Should the need
arise, the satellite could b-e moved to a lower orbit,
out of the radiation environment.

Enuironrwnta[  design

Thermally, the satellite operation is a reasonably
steady-state consumer of power,  and  henm the

thermal control in primarily passive. This is import-

$

ant o provide a constant thermal signature to the
or extermination proms,  For this satellite, 150 W
oft &rnal radiation modc~ing  error is equivalent to

<’
about 1 em in radial or t- sition uncertainty. The

Qsolar array is a large contributor to the or t-
dctemlination model. Its thermal design was carefully

h

model ed to amount for the solar radiation reflected
and r jadiated from the array. Because the array has
a 5°-100 temperature ditierential from sunside to
shaded side of the array, the array warps from a

.aed. Processors
t susceptibility,
tines were em-
was determined
~, SSALT and

1’ictated by the
uncb environ-

!

n flown before,
e unmrtaintics,

change upward
~, the TOPEX/
nic design was
analyses, modal
y one-axis sine

-- . . . . . . scmtario  is very
simple--the ALT is on,- in track mode, with the
radiometer acquiring data simultaneously. In paral-
lel, the DORIS is on the receive mode (operated
th?ough CNBS),  and the GPSDR  is operating as an
experiment. Ilre integration of these sensors is, how-
ever, somewhat more involved, For equipment safety
reasons, sincx the ALT and SSALT share the same
antenna, it is a requirement that the SSALT and ALT
not be in track mode simultaneously. The SSALT is
operated in place of the ALT about 100/0  of the time.

F’recrkion orbi( determination

The TOPEX/POSEIDON  mission requires that the
radial position of the satellite be detcrrninti  with an
aeeuracy of better than 1 km rrns. The total mission
performance to date has this requirement being ac-
complished  at less than 4 cm, The process and the
activities before launch contributed signifi~ntly to
this difference betwca&requirement$  @d&’actual &
performance. lnitial]y  the TOPEX Project had estab-
lished the TOI’EX Precision orbit  Determination ~
Team, ~ a joint ctiort between NASA/planar surface. This provides signifi&nt  fo~ecs  to the

satellite. These for~ have been modclled in the Goddard Spaw Flight Center and the University
1! ground-based ort@#tem”nation process. With the of Texas at Austin, with the collaboration of the

canting of the array away from sun-normal, in order University of Colorado and the Jet Propulsion
to control battery charge current, a ncw force has Laboratory. During the years prior to launch, this

,

I
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TOPEX/POSEIDON:  acxurate  global # el rrmasurcnmnts

Precision Orbit Determination Team defined,
improved, and eali bra ted the precision orbi@etern~i  -
nation processing system. After a joint project was
established with CNES,  the team was enhanced with
French participation. Significant accomptishmen~
included increasing the accuracy of the gravity and
surface force models, and &lmproving  the per-
formance of the satellite laser-ranging systems used
by N SA for tkr  precision orbit determination, as
well &~the DORM of the tracking system used by
CNE.S for its precision orbit determination. Results
of all .thcse efforts prior to launch led to orbit
aecuracks for TOPEX/POSEIDON  that are signifi-
cantly improved over the original mission require-
ment, Performance of the Precision Orbit
Determination Team is a collaborative efiort between
NASA and CNES and the total analyses use all data
types in one fashion or another to provide the best
orbits available to the scientific community. Primar-
ily, use is made of laser and DORIS data and some
selected gravity field tuning has used GPS data. This
has provided ~ unprecedented knowledge of the
satellite in space relative to the Earth’s mass with an
rrns error of less than 4 cm.

Verl>cation  process

During the first 6 months of the mission, the
primary objective was to calibrate the mission’s
measurement system and verify its performance. The
TOPEX/POSEIDON  Project established two dedi-
cated sites for this calibration and verification eflort:
Point Conception off the coast of California, and
Lampedusa Island in the Mediterranean Sea. Verifi-
cation eampaign~  have ahox&r conducted by mis-
slo”n–Z1c—tisk~a  nurnbc of slt around the world.

~~~~&is&nfi@tiO#a~~~Sionsp~~isiontermination earn @ he various satellite
tracking &iWtofine=ttie~he  gravity field and other
force models, as well as tracking station coordinates
for computing the precise orbit for the mission.

At Point Conception, NASA installed sophisti-
cated scientific equipment on an oil platform, which
is owned and operated by Texaco 011 Company, to

~btai~urfaec measurements used for ~ibrating the

measurements of sea level relative to the GPS receiver
are obtained from tide gauges.

‘I he Verification Phase was completed at the end of
February 1993. A workshop involving the mission
engineers and scientists was then held to review the
verification results. The conclusions of the workshop
indicated that all the measurement accuracy require-
ments had been met and many of the measurement
performances had excccded requirements [1]. After
minor modification of the science algorithms based
on the workshop results, the mission’s ground system
began processing and distributing the Gcophysieal
Data Record (GDR)  and the baseline aeience data
product of the mission in late May 1993.

5. SCIENCE

Current results

As indicated previously, the major verification _&
w o r k s h o p - o k  placx in February 1993fit the
Jet Propulsion Laboratory, Pasadena, Gli fomia,  Q ,.~
provided the initial evaluation of the mission per-
formance. Subsequent to that, the Scienct Working
Team met in Toulouse, France, in December 1993&o
reassess the results of the data being provided by the
TOPEX/POSEIDON  mission and also to further
exchange preliminary science results from the mis-
sion, One of the key factors in evaluating the
TOI’EX/POSEIDON  data act is the preliminary as-
sessment of the measurement accuracies. This is
summarized in Table 1. The single-pass height
measurement is less than 5 cm versus the requirement
of over 13 em The major contributing factor to this
performance is the radial height measurement per.
formanm or the orbit. The orbit error budget is
summarized in Table 2.

acxxrrate caretakirm
K
x

i 1 km repeat grou~d track&cry 10 days, yielded an
excellent quality of data being provided to the princ-
ipal investigators and associated oceanographers for
the first 2 years of the mission. It should also bc noted
that the ground-processing systems at both the Jet
Propulsion Laboratory in Pasadena, California, and

two ~ metirx  The instrument cm lernen corlists
x< ~thr tide gm.rges for measurin

]L/~
@,,itg& - ~izf::,fiTyt CNES in Toulouse, France, have ~roduced data

reeei r for measuring the position rod ucts (Geophysical Data#&ords

an for calibrating ionospheric path delay, a wa tremcly timely manner. The systems
with and provide data directly to the users are the

_- –

%

vapor radiometer for calibrating tropospheric path
delay, and ancillary equipment used to measure rela-
tive humidity, barometric pressure, water tempera-
ture, water conductivity, and air temperature. The
calibration methodology is illustrated in Fig. 2 where,
as the satellite overflies the platform, it is observed by
laser, GPS, and DORIS tracking systems. The alti-
tude of the satellite at the time-of-closest approach to
the platform is determined using precision orbi~

Physical &anography Distributed Active Archive
Center (PODAAC) at JPL and AVISO  at CNES,
Toulouse, France. They have been extremely respon-
sive to the needs of the science users and effective with
timely data deliveries. This has been a significant
factor contributing to the success of TOPEX/
POSEIDON to date.

Some of the current scierm results include:

determination techniques. The position of the verit& ● The TOPEX/_POSIiIDON  data show very good
cation site is established by reducing data obtained agreement with ocean models indicating that the
from a GPS receiver located at the site, In situ data can be successfully assimilated into global



ocean models for estimating the time involved in
the three-dimensional field flow.

● The seasonal change of sea level in the Northern
Hemisphere iS approximately 50CYii  larger than that
in the Southern Hemisphere. Thk previously un-
known asymmetry indicates that the air-sea-beat
exchange is much stronger in the Northern
Hemisphere.

● The TOPEX/POSEIDON  data wmpares extremely
well to the Pacific TOGA moored array. The

I ,.~ comparison demonstrated the,. strength of the

\

Ifi ‘u” TOPEX/POSEIDON  sampling ~ detecting the 20-
~n day instability waves that the TOGA array~not

able to fully resolve.
● The geographically correlated orbit errors of

TOPEX/POSEIDON  have reached an unprece-
dented low level: 2 cm for the JGM-2 orbit and
1 cm for the JGM-3 orbit.

● The extremely low geographically correlated error
has significantly enhanced the value of the data
for studying the general circulation of the ocean.
Demonstration has been made in the Atlantic
Ocean.

● The new tide models derived from the
TOPEX/POSEIDON  data have reached 2-3 cm
accuracy, a factor of two improvement “~existing
models.

● The new tide models have eliminated tides as a
major error source  for altimetric studies of ocean
circulation.

These are just some of the science results from
TOPEX/POSEIDON  to date, There are a number of
papers that can be used to obtain more information
on the science results [1,2, s-%].

Figures 3, @nd 5 produced by Dr Lee-Lueng Fu
and his oceanographic group at the Jet Propulsion
Laboratory, show some of the results from
TOPEX/POSEIDON  to date.

6. CONCLUSIONS

The TOPEX/POSEIDON  mission has srsoxssfully
completed its first 2 years of operation. The satellite,
instrument complement, and the ground system, have
been performing very well in providing unprece-
dented measurement accuracy in support of global
crwrrn topography for science investigations. The
overall measurement system has been providing data

il&&+@ “+@sAmve been assessed continuously over the 2
years with an rrus accuracy of a single pass sea-level
measurement that is less than 5 cm, This is a most

in the pz &reject years was a factor. Strong collabor-
ation and interaction between the science and engin-
eering teams was also a key factor in obtaining these
measurements today. The sensitivity of the ~- ~:~;tig

L
~eering  staffs at NASA and@$NES to overall measure- .-

Qwcl  -
Jment requirements, whict~re%ected  into the design of ________

the instrument suite as well as the satellite, was
another factor. Total mission design, which later
translated to mission operations, also maintained a
high sensitivity to the objective of the measurement
required. These are some of the key factors which-f ~fi k
have contributed ~=ficantly to the “
f i r s t  2  y e a r s  o f  oiitstaiiding Per foi%i-anti  by L
TOPEX/POSEIDON.

?
M

However, all the m “or factors~management,
P

Y

scientific, and technics ~whicQontnbut@___~r~~ _ _’ti ~
and indirectly to these outstanding 2 years have had
a common critical characteristi~aerow+herwalk<
TOPEXFOSEIDON  has been very fortunate to hav~

extremely dcdicated~~ this mission. This is the one
overwhelming characteristic that has contributed f’~r 4{, ,~4+x ,
most to TOPEX~OSEI  DON’s success, i~q

3
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